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Abstract 
Developments of non-contact superconducting devices like superconducting magnetic levitation transfer and superconducting 
flywheel energy storage system have been performed based on the interactions between bulk Y-Ba-Cu-O superconductors and 
permanent magnets, in that the superconductors can stably be levitated without any active control.  The performances of non-
contact superconducting devices are dependent on the interaction forces like attractive forces and stiffness.  In the present study, we 
constructed a non-contact conveyer for which the guide rails were prepared by attaching many Fe-Nd-B magnets onto an iron base 
plate.  Along the translational direction, all the magnets were arranged as to face the same pole, and furthermore their inter-distance 
was made as small as possible.  The guide rail has three magnet rows, for which the magnets were glued on the iron plate such that 
adjacent magnet rows have opposite poles like NSN.  At the center row, the magnetic field at zero gap reached 0.61T, while the 
field strengths of two rows on the side edges were only 0.48T due to magnetic interactions among permanent magnets.  We then 
prepared a cryogenic box made with FRP that can store several bulk Y-Ba-Cu-O superconductors 25 mm in diameter cooled by 
liquid nitrogen.  It was found that the levitation forces and stiffness increased with increasing the number of bulk superconductors 
installed in the box, although the levitation force per unit bulk were almost the same.  We also confirmed that these forces are 
dependent on the configuration of bulk superconductors. 
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1. Introduction 
 
       Bulk Y-Ba-Cu-O superconductors can be levitated over permanent magnet guide rails, which can be used for the 
construction of non-contact levitation conveyer system [1].  The levitation conveyer system will be used for various 
engineering applications where ultra clean environments are desirable such as a transport system in super clean room 
of semiconductor industries. 
In the present study, we constructed a model superconductor levitation system and measured levitation forces by 
changing the configuration of bulk Y-Ba-Cu-O superconductors in order to study the optimum arrangement.  We then 
performed simulation studies of the levitation forces.   
For the optimization of the structure of the superconductor levitation system, one cannot perform experiments for 
all the possible designs.  Hence the simulation study will be important. 
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2. Experimental 
 
The guide rails for superconductor levitation were prepared by attaching many Fe-Nd-B magnets with dimensions 
of 25mm×25mm×20mm onto an iron base plate. Along the translational direction, all the magnets were arranged as to 
face the same pole, and furthermore their inter-distance was made as small as possible. The guide rail has three magnet 
rows, for which the magnets were glued on the iron plate such that adjacent magnet rows have opposite poles like 
NSN with inter-spacing of 20mm.  
For levitation experiments, we used bulk Y-Ba-Cu-O samples 25 mm in diameter and 8 mm in thickness prepared 
by the top-seeded melt-growth (TSMG) process [2].  Four to nine TSMG-processed bulk Y-Ba-Cu-O superconductors 
were installed in a cryostat with dimensions of 110mmu110mmu30mm made with fiber-reinforced plastics (FRP).  In 
the case of the installation of four bulk superconductors, we employed two different configurations: (a) diamond-like 
and; (b) square-like configurations.   In the diamond-like configuration two bulk Y-Ba-Cu-O superconductors sit on 
the center guide rail, and two others sit on the out guide rails like one on one and thus forming diamond like shape.  In 
the square-like configuration two bulk superconductors sit on in-between two guide rails in parallel and thus forming 
square shape. 
    In the case of the installation of nine bulk superconductors, they were arranged as to sit on the magnet guide rails. 
Three bulks are aligned in three rows with the inter distance of 10mm.  One bulk superconductor located at the center 
was removed for the arrangement of eight bulk superconductors. 
 The box was filled with liquid nitrogen and was levitated on the magnet guide rails and subjected to levitation force 
measurements.  The repulsive forces were measured as the bulk superconductors in the box were field-cooled at a gap 
of 30mm. After field-cooling the box was approached toward the magnet guide rail and the repulsive forces were 
measured with a force gauge at gaps of 1, 5, 10, 15, 20, 25mm.  
We also performed simulation studies of the levitation forces based on the critical state model [3].  We assumed that 
circular shielding currents equivalent to Jc are flowing at the sample edge with the depth determined by the critical 
state.   The forces are the products of the shielding currents and magnetic field.  We then varied Jc values as to fit the 
empirical data. 
 
3. Results and discussion 
 
       Figure 1 shows the magnetic field distribution for the magnetic guide rail at zero gap used for the present 
levitation experiments.  At the center row, the magnetic field is 0.61T, while the field strengths of two rows on the side 
edges were only 0.48T simply due to magnetic interactions between permanent magnets, in that the field is enhanced 
at the center.   
 
 
 
Fig. 1.   Magnetic field distribution for the magnet guide rails in NSN configuration                                                               
for the levitation force measurements. 
 
Figure 2 shows the levitation forces as a function of the gap for the cryostat box with four bulk Y-Ba-Cu-O 
superconductors.  Here the data are for (a) diamond-like and (b) square-like configurations.  In the diamond-like 
configuration two bulk Y-Ba-Cu-O superconductors sit on the center guide rail, and two others sit on the out guide 
rails.  In the square-like configuration two bulk superconductors sit on in-between two guide rails.   
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The levitation forces increased with decreasing the gap.  One can also notice that the repulsive force for the 
diamond-like configuration was 20N and larger than that of the square-like configuration, which exhibited about 10N.  
Such a difference in the levitation forces can be understood in terms of the interaction between bulk Y-Ba-Cu-O and 
permanent magnets.   In the case of diamond-like configuration, all the four bulk superconductors sit directly on the 
magnet guide rails, for which the repulsive forces were maximum.  The magnetic force in the z direction is given by 
the following equation: 
dz
dHmF z  
 
where m is the magnetization and dHz/dz is the field gradient.  Since m is proportional to magnetic field, the force will 
be large when the distance between the bulk superconductor and the magnet is small.  Hence one can say that the 
diamond-like configuration exhibited the larger forces.   
       However, one should note that the field gradient dHz/dz is also an important factor to determine the levitation 
force, and will be high in between two magnet guide rails.  The present result indicates that the configuration in that 
bulk superconductors sit near the guide rail is preferable for the higher levitation forces. 
       In these figures, the simulation results are also presented in the cases of Jc values of 1000 and 3000 A/cm2.  We 
first simulated the levitation forces by assuming that the bulk Y-Ba-Cu-O exhibited Jc values of 3000 A/cm2, for 
which the fitting was not good and the simulation values always exceeded those of the empirical values.  Hence we 
reduced the Jc value down to 1000 A/cm2 and found that the fitting was reasonably good.     
 
 
(a)                                                                                (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Levitation forces for the box installed with four bulk Y-Ba-Cu-O superconductors as a function of the gap:                                            
(a) diamond like configuration; and  (b) square like configuration. 
 
 
     Trapped field measurements showed that bulk Y-Ba-Cu-O superconductors used in this experiment were single 
domain, which allowed us to carry out comparative study between empirical and simulation studies.  When the 
superconductors are not single grain, complicated current loops must be considered for the levitation force simulations.  
Relatively low Jc values deduced from the numerical calculation may indicate that oxygen annealing conditions were 
not optimal for these samples.  As yet, we can study the effect of bulk arrangement to achieve high levitation forces 
when the properties of bulk samples are identical, which was fulfilled in the present experiment      
       We also conducted levitation force measurements for eight and nine bulk superconductors as shown in Fig. 3.   
       The levitation forces drastically increased with decreasing the gap for both experiments.  It was also found that the 
levitation forces could be enhanced by increasing the number of bulk superconductors from eight to nine by a factor of 
1.125, which is equivalent to 9/8, showing that the levitation force per unit bulk is almost the same for these two 
configurations. 
 
 
 
 T. Kinoshita et al. /  Physics Procedia  27 ( 2012 )  192 – 195 195
 
(a)                                                                                          (b) 
 
 
Fig. 3.   Levitation forces for the box installed with (a) eight and (b) nine bulk Y-Ba-Cu-O superconductors as a function of the gap. 
 
Here, again the simulation results assuming a Jc value of 1000 A/cm2 were consistent with the experimental results, 
showing that the numerical calculation based on a simple critical state model can be employed for the estimation of the 
levitation forces. 
 
4. Summary 
 
In this study, we measured the levitation forces of a FRP-made cryostat box installed with four to nine bulk Y-Ba-
Cu-O superconductors 25 mm in diameter with the applications to superconductor conveyers in mind.  We first 
confirmed that the configuration of bulk samples affected the levitation forces in that the arrangement where bulk 
superconductors sit close to the guide rail exhibited higher levitation forces.  We have also conducted the numerical 
simulation of the levitation forces on the basis of a simple critical state model.  The simulation results were in 
reasonably good agreement with the empirical values when we assumed that the bulk samples exhibit a Jc value of 
1000 A/cm2. 
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